Saccharomyces cerevisiae contains two double-stranded RNA (dsRNA) molecules, L and M, encapsulated in virus-like particles. After cells are transferred from dense ('3C 15N) to light ('2C 14N) medium, only two density classes of dsRNA are found, fully light (LL) and fully dense (HH). Cells contain single-stranded copies of both dsRNAs and, at least for L dsRNA, >99% of these single strands are the positive protein-encoding strand. Single-stranded copies of L and M dsRNA accumulate rapidly in cells arrested in the Gl phase. These results parallel previous observations on L dsRNA synthesis and are consistent with a role of the positive single strands as intermediates in dsRNA replication. We propose that new positive strands are displaced from parental molecules and subsequently copied to produce the completely new duplexes.
Killer strains of Saccharomyces cerevisiae harbor viruslike particles (VLPs) which contain linear double-stranded RNA (dsRNA) molecules. The two dsRNA species are separately encapsulated. M dsRNA (1.9 kilobases [kb]) codes for the protein toxin responsible for the killer phenotype. L dsRNA (4.9 kb) specifies the major capsid protein of both L and M particles. These dsRNA molecules are present in multiple copies, are transmitted efficiently during vegetative growth, and segregate in a non-Mendelian fashion in meiosis (for a review, see reference 34) .
Neither the yeast dsRNAs nor the intact VLPs are infectious. In contrast to viruses, they replicate in apparent harmony with the yeast cell, so that the absolute quantity of dsRNAs doubles each generation. Neither the mechanism of replication nor the way replication is integrated within the cell cycle is clearly understood. However, in at least one yeast strain, L dsRNA replication is cell cycle phase specific, occurring in Gl phase but not S phase (22, 37) .
Infectious dsRNA viruses are found in vertebrates (reovirus and Colorado tick fever virus), plants (clover wound tumor and rice dwarf virus), and bacteria (Pseudomonas bacteriophage 46) (29) . Information concerning the replication of two of these viral dsRNAs is available. Reovirus replicates by a mechanism in which a viral particle-associated, RNA-dependent RNA polymerase produces full-length, single-stranded RNA (ssRNA) molecules which are displaced from the parental dsRNA. These ssRNAs first act as mRNAs for viral protein synthesis and are then copied to produce dsRNA and simultaneously packaged into virus particles (24) . Displacement of the new ssRNAs from the parental dsRNA during reovirus replication results in the integrity of parental duplexes being conserved. Bacteriophage +6 also replicates by a single-stranded displacement mechanism, but the displaced strand is a parental one (23, 28) . Therefore, two semiconserved duplexes, each containing one old strand and one new strand, are produced when a parental duplex enters a duplication event.
Yeast VLPs possess an RNA-dependent RNA transcriptase, which has been shown in vitro to produce full-length ssRNAs from both L and M dsRNAs (7, 14, 32) . In it has been demonstrated, using radiolabeling in vitro, that new full-length ssRNAs are released from the VLPs, whereas the parental duplex remains unlabeled (32, 33) . These results are consistent with a mechanism of conservative replication analogous to that found for reovirus. In this report, we provide further information relevant to the mechanism of dsRNA replication. First, we examine the density distribution of dsRNA molecules from cells subjected to a heavy-tolight isotope transfer and find the classes of molecules expected for conservative replication. Earlier experiments with L dsRNA were consistent with a conservative mechanism but did not provide adequate resolution of the density classes (22) . Second, we demonstrate that cells contain fulllength ssRNA molecules corresponding to the sense (or messenger), but not the antisense, strand of L dsRNA. Third, the synthesis of both L and M ssRNAs is under cell cycle control. (8) .
MATERIALS AND METHODS
For dsRNA dot hybridization, fractions from Cs.S04 gradients were mixed with an equal volume of 100% formamide (deionized) and heated at 80°C for 20 min to denature dsRNA molecules. Samples were cooled on ice and filtered with a BRL Hybridot filtration manifold onto a nitrocellulose sheet that had been presoaked in 20x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate); the sheet was dried at room temperature and then baked at 80°C for 2 to 3 h. Control experiments showed that >80 to 90% of dsRNA sequences are retained under these conditions. Hybridizations were carried out by the method of Nasmyth (21) at 70°C without dextran sulfate for 18 h, with the concentration of probe at 0.5 x 106 to 1 x 106 dpm/ml. In cases in which unlabeled RNA sequences were added for competition, denatured dsRNA was prepared by limited alkaline hydrolysis (see below) and added to the hybridization mixture at 0.5 ,ug/ml. Hybridization was quantitated by densitometric scans of X-ray films exposed to the hybridization filters with an intensifying screen (6, 8 10 .000 x g for 20 min, and the aqueous phase was removed and was precipitated with ethanol. dsRNA was removed by two cycles of 2M LiCl purification (2) , followed by two cycles of CF11 cellulose chromatography (9) .
Agarose gel electrophoresis and blotting procedures. Electrophoresis was carried out with horizontal 0.7% agarose gels at 4V/cm in Tris-borate buffer (36) to analyze native structures. For blotting native dsRNA gels, duplicate gels were run: one was stained with ethidium bromide for visualization; the second, unstained gel was blotted to nitrocellulose paper (27) . Gels were treated by limited alkaline hydrolysis and neutralized (1), equilibrated with 10 mM sodium phosphate buffer (pH 7.0), and transferred to nitrocellulose paper as described previously (27) . RNA or DNA samples were denatured with glyoxal, electrophoresed on agarose gels. and transferred to nitrocellulose paper for Northern analysis (27) .
Copy number determination. To calculate the copy numbers of ssRNA molecules, the total amount of ssRNA per cell was determined. DNA and total RNA were labeled by growing cells with [3H]uracil; >99% of the RNA in the cell is ssRNA (34) . The ratio of alkali-stable to -unstable radioactive material yields the RNA-to-DNA ratio, which is 70 for strain 116-lB. Since S. cerev'isiae contains ca. 14 [32P]dCTP (15) . Specific activities of probes prepared in this manner were 0.5 x 109 to 1.0 x 109 dpm/l,g of insert DNA (L cDNA). Hybridizations to Northern transfer nitrocellulose 6 papers were performed as described above, except that it was not necessary to denature the probe DNA. 4 The culture media used in the density transfer experiment by necessity produce a nutritional shift-up from medium containing low concentrations of glucose and (NH4)2SO4 to medium containing higher concentrations of these nutrients. If the nutritional shift results in an alteration in the number of copies of L and M dsRNA molecules, the density transfer data might reflect a special mode of replication not found in the steady state. Therefore, the copy numbers for both L and M dsRNAs were determined during the course of a density transfer experiment (Table 2) . It can be seen that these copy numbers remain relatively constant for at least two doublings after transfer to light medium. The results eliminate the possibility that the observed density classes ( Fig. 1 and 2 ) are the result of unbalanced growth which alters the levels of the dsRNAs.
Full-length L and M ssRNAs in the cell. A likely mechanism for the production of conserved duplexes involves the production of a full-length ssRNA which is subsequently copied to yield the dsRNA. This is the mechanism used by reovirus (24) in which the protein-encoding (positive) strand acts as the replication intermediate. There is evidence for the synthesis of full-length ssRNA by a VLP-associated transcriptase in vitro (7, 14, 33) , and recently both full-and partial-length L and M ssRNA molecules have also been found in vivo (5, 11, 13) . We reexamined the size and quantities of ssRNAs by Northern blot hybridization with the appropriate radiolabeled probes (27) .
The killer strain 116-1B (a cdc7 [K+ R+]) is essentially congenic with the strain used previously to demonstrate cell cycle control of dsRNA replication (37) . RNA was isolated from exponential phase 116-1B cells growing at 23°C. ssRNA preparations free of contaminating dsRNA were isolated by breaking cells with glass beads in a phenol mixture, precipitating total nucleic acids from the aqueous phase with ethanol, and purifying ssRNA by two cycles of 2M LiCl precipitation and two cycles of CF11 cellulose chromatography (see above). The ssRNAs were denatured with glyoxal, subjected to agarose gel electrophoresis, and transferred to nitrocellulose paper (27) . Hybridization was performed with either L or M [32P]cDNA. The autoradiographs shown in Fig. 3a and b (lanes 3) reveal that full-length ssRNA complementary to L and M dsRNA is present in cells under normal physiological growth conditions. The presence of dsRNA as a contamination in the ssRNA preparations could be eliminated because the hybridizing material before denaturation was sensitive to the single-strand-specific nuclease S1 (data not shown), unlike native dsRNA.
Most of the L ssRNA consists of full-length molecules which comigrate with purified denatured L dsRNA (Fig. 3a) , although some breakdown can be seen. The two bands present between 1.5 and 4 kb are the result of nonspecific aggregation to the yeast rRNA species which are present in large excess compared with L ssRNA. However, for M ssRNA only ca. 5% of the total is full-length molecules, the remainder being shorter molecules of various sizes (Fig. 3b  and c) . These smaller fragments may represent specific mRNAs or degradation products or they may result from the VLP transcriptase pausing at specific regions of the template in vivo. If degradation is a factor, it is unique to M ssRNA molecules since L ssRNA is not degraded in a similar way. In addition, we have not observed any substantial degradation of the rRNA species as judged by ethidium bromide flourescence of the same Northern gels which were to be probed with either L or M [32P]cDNA (data not shown). cell cycle control (37) . Cells in the Gl phase of the cell cycle replicate these molecules, and cells arrested in the Gl phase either by ox factor or by a cdc7 mutation accumulate them. However, L dsRNA replication ceases when cells enter the S phase. If the ssRNAs are indeed replicative intermediates, their levels might also be controlled in the cell cycle.
ssRNA was isolated from 116-1B cells exposed to various treatments: ox-factor arrest-cells were arrested with the mating pheromone a factor for 3 h at 23°C (1 doubling time) ; cdc7 arrest-cells were washed free of a factor and immediately placed at the restrictive temperature for the cdc7 mutation (36°C) for 1.5 h; S phase-cells were released from the cdc7 block by a return to permissive temperature (23°C) for 1.5 h. In ax-factor arrest cells there is a modest (threefold) accumulation of both L and M full-length ssRNA molecules ( Fig. 3a and b, lanes 2) . For M this increase appears to occur at the expense of the shorter molecules (Table 3 ). In cdc7 arrest cells the increase in full-length molecules is dramatic (Fig. 4a and b, lanes 2 and 3) : a further 8-fold for L ssRNA and 280-fold for M ssRNA ( a RNA was purified from the following: exponentially growing cells of strain 116-1B (exponential); cells incubated with the mating pheromone a factor for one doubling time, 3 h (a factor arrest); cells incubated 1.5 h at 37°C after treatment with a factor (cdc7 arrest); or cells released from the cdc'7 block by incubation at 23°C for 1.5 h (S phase). The S-phase cells were twothirds of the way through the synchronous S phase at the time of sampling. bTotal ssRNA material complementary to M dsRNA sequences. cells ( Fig. 4a and b, lanes 4 and 5) L ssRNA molecules decrease in amount by a factor of 2.2, whereas full-length M ssRNA molecules continue to increase by an additional 2.5-fold (Table 3) . (The data from these experiments are summarized as values of molecules per cell for both full-length ssRNAs and dsRNAs in Table 4 .) However, the copy number of L and M dsRNA increases only about 1.6-fold in (x-factor arrest cells, increases about 2-fold in cdc7 arrest cells, and remains fairly constant in S-phase cells (Table 4) . We can conclude from these data that the accumulation of L and M ssRNAs in arrested cells cannot be accounted for by an increase in template dsRNA. In addition, these data confirm previous results which indicated that L and M dsRNA continue to replicate in Gl-phase cells, and at least for L dsRNA, synthesis is arrested in the S phase (37) .
L ssRNA is the positive strand. Based on in vitro translation experiments, much of the full-length L ssRNA found in vivo is the positive strand, but the presence of significant amounts of complementary (negative)-strand ssRNA could not be ruled out (5) . To investigate whether only positive strands of L ssRNA exist in the cell, we cloned a 360-basepair PstI fragment of L cDNA (4) into the PstI site of vector M13mp9 (15) . Phages were screened for complementary inserts by hybridization to each other. Two classes of clones, represented by M138pJ and M138W3, were obtained which hybridize to each other but do not self-hybridize. The former class produces pale blue plaques, whereas the latter produces white plaques on X-gal indicator plates, compared with the dark blue plaques produced by phage without inserts (17, 19) . We reason that M138pJ has the same sense as the positive strand of L dsRNA: the pale blue phenotype results from an in-frame insertion of an open reading frame within the coding region of the P-galactosidase gene frag- a The copy numbers of ssRNAs were calculated from the data in Table 4 and by measuring the total amount of ssRNA per cell. The dsRNA copy numbers were estimated by measuring the ethidium bromide fluoresence of each nucleic acid species on agarose gels and normalizing to the DNA content per cell (see text).
.4. ment present in mp9. The fusion protein provides limitedgalactosidase expression and pale blue plaques result. The complementary L dsRNA strand in M138W3 does not contain a protein-encoding sequence so that the translation of ,Bgalactosidase is terminated prematurely, resulting in colorless plaques. We conclude, therefore, that M138pI is a probe for the negative strand and M138W3 is a probe for the positive strand of L dsRNA. 32P-radiolabeled probes were prepared by the 21-base-pair primer system (15) and were used in Northern blot analyses. Both probes are specific for L dsRNA and do not hybridize to total ssRNA from strain JM6, which lacks any detectable dsRNA ( Fig. Sa and b, lane  5) . Full-length L ssRNA comnplementary to M138W3 is easily detectable in material from cdc7 arrest cells (Fig. 5a, lanes 3  and 4) , whereas no autoradiographic signal is obtained with the negative strand probe, M138pI (Fig. Sb, lanes 3 and 4) . We estimate that <0.5% of the total L ssRNA is negativestrand RNA. As observed above ( Fig. 3 and Table 3 ), only a small amount of full-length L ssRNA is obtained from exponential cells, but it is positive because it only hybridizes to the positive-strand probe, M138W3 ( Table 1) . The results may mean that L and M dsRNA molecules have one strand copied into a new complementary strand which is displaced from the parental duplex and is subsequently copied to produce a new duplex. Hybrid (HL) molecules would either not be produced or exist only transiently. Whether each dsRNA molecule contributes a progeny single strand or only a subset of the molecules cannot be determined by these experiments. An alternative possibility is that a small fraction of dsRNA molecules replicates in a semiconservative fashion to produce hybrid (HL) molecules. These hybrid molecules then act as "'masters" to give rise by many rounds of semiconservative replication to the final, doubled population of molecules as in rolling-circle replication (3, 16) . The expectation for such a master model in a density transfer experiment is similar to that for conservative replication in that two predominant density classes, fully dense (HH) and fully light (LL), would be produced. However, a small amount of hybrid density (HL) molecules representing the masters would persist.
Our experiments do not distinguish between these two mechanisms. Since no more than 2% of dsRNA could exist as molecules of HL density (Table 1) , a master population would consist of less than 20 of the 900 molecules of L dsRNA and less than 4 of the 150 molecules of M dsRNA per cell. Previous studies with L dsRNA have also provided data which are consistent with conservative replication, but much higher percentages of hybrid material (18%) were obtained (22) . It is possible that the increase in hybrid material obtained was the result of an abnormal mode of replication, since the cells that were transferred from dense to light medium were in an unbalanced growth condition in which the L dsRNA copy number was changing (22 (9) . The L ssRNA molecules detected were exclusively (>99%) the positive (or message) strand. As such they could be replication intermediates in which negative-strand synthesis has not yet begun or mRNAs or both. Although significant quantities of L ssRNA are found as full-length molecules, M ssRNA molecules are found in several size classes, full length (1.9 kb), 1.4 kb, and a distribution of ssRNAs ranging from 0.55 to 1.05 kb (Fig. 3 and 4) . Two (22) .
The fact that the authors used various strains with both various nuclear genotypes and dsRNA plasmids may explain the discrepancy between these results. L dsRNA replication ceases during the S phase (37) . The decrease in the number of L ssRNA molecules in S-phase cells observed here (Table 4) is consistent with the idea that they are replication intermediates. We imagine that the synthesis of new L-positive strands is somehow inhibited, whereas the formation of duplexes from positive strands made during Gl phase is not blocked. In contrast, the accumulation of M ssRNA molecules continues during the S phase to the point in which the number of M ssRNA molecules approaches the number of M dsRNA molecules ( Table 4) . As with L dsRNA (37) M dsRNA accumulation appears to cease in S-phase cells, although the possibility that replication continues at a low rate cannot be eliminated (Table 4) . Perhaps in S phase full-length M ssRNA continues to be synthesized and accumulates because copying of these molecules to form dsRNA is blocked. Some aspect of L and M dsRNA replication must be different since many MAK gene products are required for M dsRNA but not for L dsRNA maintenance (34) . Whatever the mechanism, our results indicate that the control of M ssRNA and L ssRNA metabolism in the S phase is different. Because the accumulation of L dsRNA is cell cycle phase dependent (37), we believe that the observed effect of Gl-phase arrest and Sphase synchronization on L ssRNA accumulation is most likely related to a role of most of the molecules in the replication process.
Replication mechanism. We propose that replication of L dsRNA, and possibly M dsRNA, of S. (erelisiae proceeds through a conservative mechanism which, like that employed by reovirus (24) , involves displacement of the progeny single strand from the double-stranded parental molecule. The displaced strand is the positive (or message) strand. The mechanism of replication is unlike that employed by the dsRNA bacteriophage 4)6 in which a parental strand is displaced by progeny strand synthesis producing two semiconserved duplexes (23, 28) . The pertinent observations can be summarized as follows. (i) After a culture density transfer (Table 1) , >98% of both L and M dsRNAs exist as either parental or newly synthesized duplexes. (ii) VLP transcriptase produces full-length positive L and M ssRNA molecules which are displaced from the capsid in vitro (32, 33) ; (iii) full-length L and M ssRNA molecules are found in vivo and represent predominantly the positive strands (5, 11; Fig. 3-5 ). (iv) L ssRNA accumulation is modulated in the Gl phase and the S phase in parallel with L dsRNA accumulation; M dsRNA and ssRNA are similarly affected in the GI phase, but a difference in the regulation is observed in the S phase (37; Fig. 3 and 4 ; Tables 3 and 4) .
With both reovirus and 4)6 dsRNAs, the displaced ssRNA acts as both mRNA and replicative intermediate. Since only positive L and M single strands are found in killer yeast cells. it is likely that this situation applies to both L and M dsRNAs as well. However, the replication of both L and M dsRNAs in yeast cells differs from that of the viruses in that accumulation of dsRNA molecules (37) and their singlestranded copies are regulated within the cell cycle.
